Abstract.-Evolutionary biologists have long debated the relative influence of species selection on evolutionary patterns. As a test, we apply a statistical phylogenetic approach to evaluate the influence of traits related to species distribution and life-history characteristics on patterns of diversification in salamanders. We use independent contrasts to test traitmediated diversification while accommodating phylogenetic uncertainty in relationships among all salamander families. Using a neontological data set, we find several species-level traits to be variable, heritable, and associated with differential success (i.e., higher diversification rates) at higher taxonomic categories. Specifically, the macroecological trait of small geographic-range size is strongly correlated with a higher rate of net diversification. We further consider the role that plasticity in life-history traits appears to fulfill in macroevolutionary processes of lineage divergence and durability. We find that pedotypy-wherein some, but not all, organisms of a species mature in the gilled form without metamorphosing-is also associated with higher net diversification rate than is the absence of developmental plasticity. Often dismissed as an insignificant process in evolution, we provide direct evidence for the role of species selection in lineage diversification of salamanders.
An enduring debate concerns the plausibility and strength of evolutionary processes that operate above the organismal level. Conflict among levels of selection generally provides some of the best evidence for the existence of multiple levels of selection (e.g., meiotic drive of the t-allele in house mouse; Lewontin 1970; Vrba 1989; Grantham 1995 Grantham , 2007 . But, despite being largely convinced of the possibility in principle, many have claimed higher level selection exerts too weak an influence to represent a useful hypothesis to explain variation in evolutionary success among species (e.g., Fisher 1958; Mayr 1963; Dawkins 1982) . Resolution of the debate, it seems, has primarily become an empirical issue.
As an explicit test of species selection, researchers have recently turned to testing the relationship of species-level traits with net diversification rates of lineages using molecular phylogenies (Barraclough and Savolainen 2001; Webster et al. 2003; Kruger 2008; Seddon et al. 2008) . As Rabosky and McCune (2009) suggest, species selection could be defined as directionally consistent patterns of differential proliferation associated with species bearing a particular state of a character (see also the "broad-sense species selection" of Jablonski 2008b and the see "emergent fitness" approach of Lloyd and Gould 1993 , Gould and Lloyd 1999 , and Coyne and Orr 2004 . Mechanistically, trait frequencies within lineages may evolve independently of trait frequencies in populations (Rabosky and McCune 2009) . In the former case, trait frequencies are determined by population genetic processes, whereas selection among lineages controls frequencies of higher order traits in the latter example. Among-lineage selection is mediated by trait-based differential speciation and/or extinction (see Rabosky and McCune 2009 for recent review) .
A repeatability criterion thus distinguishes species selection from other macroevolutionary trends as can arise by species drift (see Gould 2002; Coyne and Orr 2004) . Under this view, a repeatable pattern of sorting at the level of species is attributable to one of two causes: reductionistic macroevolution (i.e., the so-called "effect hypothesis" of species selection : Vrba 1980; Gould 2002) or higher level "strict-sense" species selection. Strict-sense species selection is defined by the requirement that the character mediating differential success is a so-called emergent property, whose trait state cannot be fully predicted from lower level causes. The size and configuration of species' distributions are two such emergent properties, both of which result from the interaction between organismal properties and the environment (Gould 2002; Jablonski 2008b) .
Several plausible scenarios relating species diversification with geographic range size have been proposed, perhaps beginning with Darwin (1859) , who argued that more widespread species often bear greater potential for speciation (Jablonski and Roy 2003) . Conversely, others argue that dispersal-limited or stenotopic species may be more sensitive to environmental barriers, facilitating higher rates of vicariant or peripatric diversification than for broadly distributed taxa (Mayr 1963; Jablonski 1987 Jablonski , 2008b Maurer and Nott 1998) . If rates of extinction are roughly comparable between stenotopic and eurytopic species, lineage diversification should be more rapid for the former.
Both empirical evidence (e.g., Jablonski 1987; Jablonski and Roy 2003; Jablonski and Hunt 2006) and theoretical models (e.g., Gavrilets 1999 Gavrilets , 2003 Mouillot and Gaston 2007 ) suggest a particular relationship between lineage diversification and a species' distributional extent, where diversification may be mediated by altered probabilities of speciation and/or extinction. For example, Jablonski (1987) finds lineage duration in Cretaceous mollusks to be positively 504 SYSTEMATIC BIOLOGY VOL. 60 correlated with distributional-range sizes. In a similar study, Jablonski and Roy (2003) document a strong inverse relationship between speciation rates and range size in Cretaceous gastropods, suggesting that the characteristics leading to larger distributional ranges may also limit speciation probabilities.
In a simulation study, Gavrilets (1999) finds consistent results, showing that speciation is more likely with increasing distributional fragmentation. Biological causes of this result might involve mutational accumulation of Bateson-Dobzhansky-Muller reproductive incompatibilities in allopatry, which can alone be sufficient for speciation (Gavrilets 2003 (Gavrilets , 2004 . Whereas allopatry may not be sufficient for complete genetic isolation, it seems a fairly reliable indicator of reduced gene flow, especially for dispersal-limited taxa (Larson et al. 1984; Bolnick and Fitzpatrick 2007; Kozak et al. 2008) . If not trumped by gene flow, local adaptation may also promote diversification via ecological speciation (Mayr 1963; Slatkin 1973; Schluter 2000 Schluter , 2009 Niemiller et al. 2008; Nosil et al. 2009 ).
Either independently or through its association with distributional-range characteristics, life-history variation may be a potentially strong contributor to traitmediated diversification (Hansen 1980; Jablonski 1986; Böhning-Gaese et al. 2006; Jablonski and Hunt 2006; Cooper et al. 2008) . Phenotypic plasticity in timing and mode of amphibian metamorphosis is a particular lifehistory characteristic that has received a great deal of attention (e.g., Wilbur and Collins 1973; Werner and Anholt 1993) . Pedotypic taxa (i.e., those that exhibit facultative metamorphosis; sensu Reilly et al. 1997 ) may be capable of exploiting a wider niche than obligately metamorphic or pedomorphic taxa (i.e., those that have truncated development and retain larval characteristics relative to their ancestors; see Reilly et al. 1997) . Whereas pedotypic populations are expected to be under diversifying selection for particular traits (West-Eberhard 1989) , the same need not be true for populations of terrestrial or obligately aquatic (i.e., pedomorphic) species. When life-history variation is maintained within a population, intensity of competition among conspecifics may be lessened, for instance, if prey type preferences vary among morphotypes (Denoël 2004) .
Developmentally plastic lineages may experience mitigated risk of extinction and perhaps also elevated rates of speciation relative to metamorphic or pedomorphic taxa (Denoël et al. 2005) . That is, maintained polymorphisms can lead to assortative mating along temporal, spatial, behavioral, or morphological axes (West-Eberhard 1989; Whiteman and Semlitsch 2005; Takahashi and Parris 2008) . Divergence may otherwise occur allopatrically, following sweepstakes dispersal of metamorphosed organisms across unsuitable terrestrial habitat between ponds or springs.
Study System
The extant diversity of salamanders exhibits considerable life-history and distributional-range variation and provides a tractable means of testing species selection due to the small size of the order (∼560 spp.; Duellman and Trueb 1994; Petranka 1998) . Whereas most salamanders are either metamorphic or direct developing (ca. 90%), several families comprise only pedomorphs (e.g., sirenids, cryptobranchids, amphiumids, proteids). All but one family, Rhyacotritonidae, has at least one pedomorphic or pedotypic species. For simplicity, we hereafter refer to the group of salamanders exhibiting metamorphosis or direct development as terrestrial, to distinguish the life-history characteristic of these salamanders from both pedotypic and pedomorphic taxa.
We expect pedotypic lineages to experience higher rates of diversification than terrestrial lineages, which, in turn, are expected to be diversifying more rapidly than pedomorphic lineages. Using a phylogenetic comparative approach to test for evidence of species selection, we ask: Are patterns of lineage diversification associated with 1) differences in range size and continuity and/or 2) variation in life-history characteristics?
Similar to tests of natural selection at the organismal level (see Lewontin 1970 ), strong evidence for higher level selection would be provided by trait variation among lineages, evidence of trait similarity owing to common ancestry, and consistent correlations of trait values with diversification rates among lineages (Coyne and Orr 2004; Jablonski 2008b; Rabosky and McCune 2009) .
METHODS

Phylogeny Estimation
Data from NCBI Genbank for four mitochondrial markers (two ribosomal subunits, 12S and 16S; cytochrome b; and NADH dehydrogenase subunit 2, ND2) and one nuclear locus (recombination activation gene, RAG1) were concatenated for 45 salamander species to estimate both family-level rates of diversification and interfamilial evolutionary relationships (see Appendix 1). Rather than attempt to reiterate topological estimates of interfamilial relationships within salamanders, we relied on two conflicting but recent phylogenetic treatments of this amphibian order. In one analysis (see Fig. 1 ), interfamilial relationship was constrained to be congruent with the topological hypothesis of Frost et al. (2006, hereafter FEA) . In a complementary analysis, the topology of Wiens et al. (2005, hereafter WEA) was used to constrain relationships among families. BEAST (version 1.4.8; Drummond and Rambaut 2007) was employed for both analyses. A birth-death tree prior, a general time reversible model of sequence evolution with Γ -distributed among-site rate heterogeneity, and log normally distributed phylogenetically uncorrelated evolutionary rates were assumed for both analyses of trait heritability. Under each topologically constrained analysis, chain convergence among three independent runs and stationarity were assessed using AWTY (Wilgenbusch et al. 2004 ) and TRACER (version 1.4; Rambaut and Drummond 2007 Wiens et al. (2005) , and FEA, topology consistent with that proposed by Frost et al. (2006) . Nodal constraints used for Bayesian inference of topology are as listed in Table 1 . A hard constraint of 210 Ma was placed on the root node, following Wiens (2007) . Bars represent uncertainty (95% HPD) associated with divergence date estimates. likelihoods and sampled topologies occurred within several hundred thousand generations. Sampling began after 5 × 10 6 generations, and samples were retained every 10 4 generations until 5×10 2 trees were collected from the posterior distribution for each chain. Log and tree files were combined using LogCombiner (version 1.4.8; Drummond and Rambaut 2007) .
Trait Variation
We focus on three species-level traits in caudates and the potential relationship of each with differential success at the family level: distributional-range size, range continuity, and heterochronic (i.e., life-history) variation. Data for range size (total area in square kilometer) were obtained from resources provided by the global amphibian assessment (GAA; IUCN 2008). Range size values were natural log transformed. Data for a second measure of species' range variation-range continuity-were recorded as range size scaled by number of distributional isolates. Thus, range continuity data are an estimate of the average isolate size across the distribution of a species. We use data for all species included in the GAA database (530 of 563 recognized species). In light of recent concerns regarding skewness of such data (Webb and Gaston 2003 ; see also Hunt et al. 2005) , we attempted to impose normality by transformation of these data associated with the distributional range. For range size and range continuity measures, assumptions of normality were assessed using Kolmogorov-Smirnov tests and normal quantilequantile (QQ) plots using the R package STATS. For family-level comparisons considering distributionalrange characteristics, natural log-transformed data were averaged across species within each family.
For all but the following exceptions, life-history classification followed Duellman and Trueb (1994) for three discrete categories of heterochronic variation: Ambystoma mavortium is pedotypic (Collins 1981) ; and all Dicamptodon were scored as pedotypic (Nussbaum 1976; Petranka 1998) , although one species is almost entirely metamorphic (i.e., Dicamptodon tenebrosus) and D. copei is nearly exclusively neotenic.
We implemented three measures of heterochronic variation. The first assessed bias toward pedotypy or pedomorphy within families. The difference between pedotypic and pedomorphic species was scaled by total species richness in each family. Values ranged from −1 (exclusive pedomorphosis) to +1 (pedotypy). This measure of heterochronic variation (hereafter, "heterochrony"), however, cannot distinguish among families with only terrestrial species from those with even distributions of pedomorphic and pedotypic species. For this reason, two additional coding schemes were adopted to estimate family-level biases toward different developmental modes. "Plasticity" values considered the proportion of pedotypic species within families, whereas "pedomorphy", values at the family level were informed by the proportion of pedomorphic species within families. Each measure of heterochronic variation, while discrete at the species level, was thus continuous at the family level.
Trait-State Heritability
To test phylogenetic heritability of trait states, we use Pagel's (1999) λ P , which is an off-diagonal multiplier of elements in the variance-covariance matrix of a phylogenetic tree. If trait evolution is uninfluenced by phylogenetic history, sister species should be no more similar than two species drawn from the topology at random. In the case where the topology perfectly predicts the covariance structure of traits among related taxa, λ P = 1 (i.e., λ P -fitted branches are unscaled). Nominal values of λ P (approaching 0) for a particular trait would imply that observed trait values are drawn at random with respect to the untransformed phylogeny estimate (i.e., λ P -fitted internal branches are of zero length, corresponding to a star phylogeny ; Pagel 1999 VOL. 60 Insomuch as resolution at the specific level is presently incomplete for caudates, a collection of randomly resolved species-level trees was used for heritability analyses. Topology generation began with the unresolved tree of all salamander species (563 species as tips). Random resolutions of the salamander tree were generated in BEAST under a birth-death branch-length prior. All taxonomic classifications (i.e., genera and families) were assumed to represent monophyletic lineages, and family-level relationships were enforced as indicated below (Fig. 1, WEA ). Temporal node constraints followed Table 1 ; all other nodes were randomly generated under the birth-death prior.
Trait heritability was assessed in the R package GEIGER (version 1.2-14; Harmon et al. 2008 ) on a random selection of 10 2 species-level trees retained from 10 6 generations of sampling from priors in BEAST. Using maximum likelihood, a λ P value was fitted for each trait data set (range size, range continuity, and the three character codings for heterochronic variation) using a tree from the random sample with which to optimize λ P (Pagel 1999; Pagel et al. 2004) . Hierarchical likelihood ratio tests were performed to test the explanatory contribution of an estimated λ P to a model of trait evolution. Improved model fit by the incorporation of λ P has been interpreted as evidence of "phylogenetic heritability"-that closely related taxa share more trait similarity than from an expectation of randomness (Waldron 2007; Eastman et al. 2009 ). Fit of different evolutionary models for the higher level characters was tested using species-level trees.
Although we expect estimates of phylogenetic heritabilities to be somewhat imprecise, this method allowed us to use the full trait data sets and should provide a statistically conservative test of trait heritability. That is, if phylogenetic signal truly underlies these traits, similar character states would exhibit substantially more topological underdispersion in the true tree, relative to the degree of clustering among similar character states as generated by random resolution (Symonds 2002 ). Yet, if on the true tree, trait states are substantially overdispersed with respect to phylogeny, our use of random resolutions could indeed yield inflated estimates of phylogenetic trait heritability (Abouheif 1998; Symonds 2002 ).
Trait-Mediated Diversification Analyses
Topological data (see Phylogeny Estimation section) were used primarily to inform divergence dates of the most basal nodes of the salamander tree (i.e., subtending a family or higher clade). Divergence dates were then used to estimate rates of diversification within families as described below. Importantly, to develop accurate estimates of diversification within families, assurance that resolution of (true) basal nodes for each family is necessary from phylogenetic estimates. Within each family, topological estimates informing taxon selection to recover root nodes of crown groups followed references in Appendix 1 and Table 1 . For 5 (of 10) families, exemplars from every contained genus or from every classified species were used for phylogenetic estimates. The Magallón and Sanderson (2001) procedure was used to estimate diversification rates of the 10 caudate families. This method for estimating diversification rates assumes that rates of origination and extinction bear a positive relationship, a claim that has substantial support in the paleontological literature (e.g., Gould 1977; Stanley 1979 Stanley , 1990 Van Valen 1985; Sepkoski 1998; Jablonski and Roy 2003) . Two aspects of the Magallón and Sanderson (2001) procedure for estimating diversification rates are worthy of note. Notes: Most constraints employed uniform probability distributions (e.g., the most exclusive node subtending Hynobiidae and Cryptobranchidae was constrained to be present at some period between 210 and 161 Ma). Normal distributions (i.e., μ[σ]) were implemented where only point estimates of divergence times (μ) were available from the literature. In such cases, the standard deviation (σ) was taken as 10% of μ. a All caudate families excluding cryptobranchids, hynobiids, and sirenids; constraint relaxed for analyses using the Frost et al. (2006) topology. b Comprising Batrachoseps, Bolitoglossa, Oedipina, and Pseudoeurycea.
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First, under an assumption of high relative extinction fraction (ε = μ/λ, where μ and λ are extinction and speciation probabilities, respectively), absolute rates of extinction need not be extremely high-if rate of origination itself is not particularly high. Second, under an assumption of a nonnegligible extinction fraction (ε > 0), high diversification rate implies high absolute extinction risk but even higher probability of origination.
In implementing the Magallón-Sanderson method, an underlying assumption that must be tested is whether there is a positive relationship between clade age and species richness within families. If total diversification is limited by a carrying capacity of sorts (Walker and Valentine 1984; Ricklefs 2007) , or is otherwise diversity dependent, diversification rates would slow as groups become more saturated with lineages (Rabosky 2009a (Rabosky , 2009b . As such, diversification rates would not be meaningfully estimable by the birth-death process, which assumes a temporal constancy in diversification rates (Rabosky 2009a (Rabosky , 2009b . To test the constancy assumption, we regressed crown group age (averaged across the posterior distribution of trees) against lntransformed species richness for families (see Table 2 ). Results obtained from the base R package STATS (version 2.10.0; R Development Core Team 2010) supported a strongly positive relationship between clade age and species richness (t WEA = 2.215, P WEA = 0.0577 ; t FEA = 2.196, P FEA = 0.0593). We interpret this result as consistent with temporally constant rates of diversification.
The posterior distribution of trees from BEAST (see Phylogeny estimation section) was used to estimate net rates of diversification (sensu Magallón and Sanderson 2001) . Although the number of species in each family (Table 2) was treated as known, we included uncertainty in crown group age for each family. For each topological estimate from the posterior distribution (a total of 1.5 × 10 3 trees), temporal placement of the basal crown group node in each family was assessed in TreeStat (version 1.1; Rambaut and Drummond 2007) . From these estimates for each family, GEIGER was used to generate a distribution of credible rates of net diversification (r, where r = λ − μ) under two scenarios of relative extinction. Following Wiens (2007) and Magallón and Sanderson (2001) , estimates of clade diversification assumed 1 of 2 values for ε (i.e., relative extinction fraction): 0.0 and 0.9.
We use phylogenetically independent contrasts (hereafter PICs ; Felsenstein 1985 Felsenstein , 2008 to test for consistent relationships between trait values and differential success of lineages (Coyne and Orr 2004; Jablonski 2008b) . PICs confer adequate rigor in performing statistical tests with hierarchically structured data, as phylogenetic comparative data necessarily are (Harvey and Pagel 1991; Martins et al. 2002; Housworth et al. 2004) . PICs further appear robust to violation of certain model assumptions such as branch-length error (Díaz-Uriarte 1998) and departures from Brownian motion trait evolution (Oakley and Cunningham 2000) .
Independent contrasts were calculated with the aid of APE (Paradis et al. 2004 ) to test correlations between emergent fitness (net diversification rates of families) and candidate traits for species selection (range size, range continuity, and heterochronic variation). PICs were performed on the full set of Magallón-Sanderson diversification estimates (under both scenarios of ε), each of which was paired with a randomly selected tree from the posterior distribution, pruned to leave a single external branch per family. A total of 1.5 × 10 3 PICs was generated for each hypothesis tested (20 altogether): one Notes: Leftmost continuous traits were used as predictors for statistical comparisons involving estimates of net diversification. Distributionalrange data are family-level averages of ln-transformed range sizes (square kilometer) from species. Range continuity is range size scaled by the total number of distributional isolates. Extreme values for the measure of "heterochrony" correspond to biases toward pedotypic (+1) or pedomorphic (−1) species. Larger values for "plasticity" correspond to higher frequencies of pedotypic species within families; similarly, larger values for "pedomorphy" denote higher proportions of pedomorphic species within families. Species richness and crown group age (not shown) were used to compute net diversification under two scenarios of relative extinction (ε, where ε was either 0.9 or 0.0; Magallón and Sanderson 2001) . Rates of net diversification were determined in a probabilistic fashion: from the posterior distribution of trees, times for crown group diversification were retained for each sample. Each divergence time estimate was paired with family-level species richness to develop a distribution of credible net diversification rates, peculiar to each family. of five higher level characteristics; under one of two scenarios of ε; under an assumption of either WEA or FEA topology. Regression on independent contrasts was constrained to pass through the origin (Garland et al. 1992; Garland et al. 1999; Legendre and Desdivises 2009) . Statistical significance of PICs was assessed by one-sample t tests performed in STATS on each correlation coefficient (ρ) with the null expectation of ρ = 0. To assess overall support for each test, accommodating topological uncertainty, probability values were averaged across the entire set of 1.5 × 10 3 PICs. Insofar as this method of generating continuous clade data from discrete species-level characters is novel and unsubstantiated (see Trait Variation section), we conducted simulations over several draws from BiSSE parameter space to test the ability of this method to recover underlying (i.e., simulated) evolutionary signal (Maddison et al. 2007; FitzJohn et al. 2009 ). The R package DIVERSITREE (version 0.4-1; FitzJohn 2009) was in part used for these simulations. A detailed account of simulation conditions and results is provided in the Supplementary material (available from http://www.sysbio.oxfordjournals.org). Briefly, simulations were conducted under trait-state dependent diversification. Trait-state variation and crown group age were recorded for clades selected at random. Using the continuous trait data for randomly chosen clades, we testing for trait-mediated diversification as previously described, correlating the PICs of clade-level trait variation against the PICs of Magallón-Sanderson diversification rates.
To address the potential for heteroskedasticity in the regression models, we employed the Breusch and Pagan (1980) test for homogeneity of variance on modelfitted residuals using the R package CAR (version 1.2-13; Fox 2009). Several workers have suggested that a triangular constraint-envelope typifies relationships between body size and range size (see Brown and Maurer 1987; Brown 1995; Gaston 2003) . In our case, it might be conceived that species with large and/or continuous ranges may exhibit greater variance in net diversification. Furthermore, perhaps developmental modes that are more habitat generalized (i.e., of pedotypic species) may exhibit similarly large variance in rates of diversification. Tests for heteroskedasticity utilized linear models where values from each predictor variable (see Table 2 ) were paired with average family-level estimates of diversification under all four historical scenarios (i.e., WEA and FEA and pure birth and high relative extinction).
Association between Range Characteristics
and Heterochrony Given the possibility for predictor collinearity, we tested the statistical independence and explanatory contribution of our predictor variables using analysis of deviance for two-predictor generalized linear models (GLM; McCullagh and Nelder 1989; Venables and Ripley 2002) . GLMs were constructed from PICs, which were computed from raw summary data as given in Table 2 : multivariate PICs were computed on the summary trees from the FEA and WEA posterior distributions (Fig. 1) . Using minimal probability values, the two best predictors from univariate PIC regression were paired with other variables from the complementary higher level trait (i.e., distributional range or heterochronic variation depending upon the selected predictors). Analyses of deviance were conducted in STATS on GLMs assuming a Gaussian error distribution and identity link. Chi square tests were implemented to test whether model fit was significantly reduced by elimination of predictor variables, comparing fit of single versus two-predictor GLMs. We interpret a nonsignificant result of these tests to indicate explanatory redundancy of the selected and secondary predictors (e.g., Venables and Ripley 2002; Jablonski and Hunt 2006) .
To more specifically test for variable collinearity, phylogenetic analyses of variance (ANOVAs) were performed to ascertain whether variation in distributionalrange size or continuity was statistically separable from life-history strategy. Phylogenetic ANOVA was performed with the package GEIGER under an assumption of Brownian motion trait evolution. A conservative phylogenetic ANOVA was conducted where correction for phylogenetic pseudoreplication was informed by untransformed tree structure; a separate phylogenetic ANOVA was performed on λ P transformed trees (see Pagel 1999) , where λ P was the fitted value for the dependent variable (either range size or range continuity) as described previously (see Trait-State Heritability section). Phylogenetic ANOVAs utilized 100 random resolutions of the species-level tree with species-level data.
Batch analyses, simulations, and data structure manipulation not achievable with use of publicly available software were accomplished with the aid of R and BASH shell scripts (see supplementary material).
RESULTS
Phylogeny Estimation
To assess topological credibility of two hypotheses (i.e., WEA and FEA), analyses performed in BEAST were compared by log-Bayes' factor ( BF ). Although the WEA topology was preferred, support for this hypothesis was not overwhelming (FEA BF : −1.215). Within the divergence constraints and topology imposed on Markov chain Monte Carlo tree searches, sequence data appeared relatively uninformative for divergence date estimation; that is, highest posterior densities (HPDs) for divergence dates are quite broad (see Fig. 1 ). The skew in many of these HPDs may result from specification of a birth-death tree prior if different lineages have truly diversified at different rates. Furthermore, the multiple sequence alignment for the data used herein was admittedly incomplete (see Appendix 1), likely contributing to the lack of phylogenetic signal deeper in the tree. Insofar as comparative analyses are based 509 on a wide range of Bayesian credible samples, however, conclusions appear robust to topology.
Trait-State Heritability
Each trait exhibited statistically supported signatures of phylogenetic heritability, as evaluated by a model selection approach. For each higher level trait, model fit was improved by allowing an unconstrained λ P (Table 3 ). Topological differences apparent in random resolutions in the species-level trees appears to have contributed little to estimates of phylogenetic trait heritability. Owing to the phylogenetic heritability of traits investigated herein, we expect results to be robust to the absence of historical data on range continuities, sizes, and life-history deep within caudate lineages. That is, the underlying phylogenetic structure informed by tree inference and data observed at the tips (i.e., close phylogenetic relatives show similar distributions of trait values) suggests continuity in historical processes generating the observed data.
Natural log transformation of distributional-range data improved normality substantially. For both range size and continuity, normal QQ plots appeared reasonable in the central masses of the distributions. Although we had evidence to reject normality for the range continuity data set even with data transformation (Kolmogorov-Smirnov test with ln transform; P = 0.0015), ln transformation was a considerable improvement (Kolmogorov-Smirnov test with raw data; P < 2.2 × 10 −16 ). We were unable to reject normality for the ln-transformed range size data set (P = 0.1585). Severely right skewed based on the raw data, data exhibited moderate left skew upon transformation.
Trait-Mediated Diversification Analyses
BiSSE simulations (see Supplementary material) revealed adequacy in summarizing the bias of discrete character states as a continuous datum when analyzing trait-mediated diversification at the clade level. Statistically significant in many cases (Figs. S1 and S2), the estimated association between trait states and diversification was in the expected direction in nearly all cases. The estimator for these analyses, which in this case is the regression slope of independent contrasts, appeared statistically consistent. In these simulations, higher statistical power was afforded by 1) greater magnitudes of bias in trait-mediated diversification, especially under high relative extinction and 2) slight biases at the tree level toward the trait state promoting rapid diversification (see Figs. S1 and S2).
We were unable to reject the null hypothesis of homogenous variances across fitted values of models relating emergent fitness (i.e., net diversification) to our predictors (range size, range continuity, and heterochronic variation). Using the Breusch and Pagan (1980) method, we find support lacking for triangular (or otherwise heteroskedastic) relationships between these pairs of variables (chi-square test; for all tests: 0.65 > P 1 df > 0.12). Neither topology nor extinction fraction seemed overly influential for regression slopes estimated between family-level diversification rates and traits potentially subject to species selection ( Fig. 2 and Table 4 ). This latter result is consistent with results of our simulations, indicating that relative extinction fraction in the birth-death process (either assumed or as simulated) has little bearing on the ability to detect truly trait-mediated diversification (Fig. S2) .
Data do not strongly support the hypothesized inverse correlation between pedomorphy and net diversification ( Fig. 2 and Table 4 ). Relationships between diversification and a set of three higher level traits (heterochrony, plasticity, and range size), however, were significant in nearly all circumstances (Table 4) . Support for the hypothesis of diversification mediated by range continuity was more marginal and topology dependent. Significance of relationships between pedomorphy and diversification was dependent upon assumed extinction fraction. Averaged probability values, as well as the ranges of the correlation coefficients, lend support to the notion that evolutionary biases toward pedotypy and small distributional ranges (or isolates thereof) are associated with accelerated rates of diversification ( Fig. 2 ; Tables 4 and 5).
The best predictors of differential rates of net diversification appeared to be two measures of heterochronic variation (heterochrony and plasticity; Table 4 .) Results from our analyses of deviance were largely consistent with the univariate PICs (Table 5) , supporting a primary role for heterochronic variation in trait-mediated differential success of salamander lineages. In few TABLE 3. Estimates of phylogenetic heritability of higher level traits, as assessed by Pagel's (1999) Notes: Values of λ P distinguishable from 0 are interpreted as a signature of trait heritability. Hierarchical likelihood ratio tests compared models incorporating a constrained values of λ P (e.g., λ P = 0) with a model wherein λ P was estimated. Probability values were drawn from a mixed chi-square distribution with 0/1 df. The test statistic was twice the difference in likelihoods between compared models. a Averaged across 100 random resolutions in topology. 
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analyses of deviance was there substantial support for the independence of heterochronic and distributional range variation in predicting rates of net diversification (Table 5) .
Association between Range Characteristics and Heterochrony Phylogenetic ANOVAs were used to determine whether particular developmental strategies were associated with variation in the distributional ranges of salamanders. As indicated in Table 6 , life-history characteristics do not appear to be related to observed variation in range size and continuity (Table 6 ). As Pagel's λ P transformation is implemented to prevent over-(or under-) correction for phylogenetic relationship (Pagel 1999) , we emphasize results from the λ P transformed trees (Table 6) . DISCUSSION Our results have several implications for evolutionary biology. This study represents one of few neontological studies in which higher level traits are found to be heritable, variable, and associated with differential success at a higher taxonomic category. Range size appears inversely correlated with diversification rates, and a peculiar life-history characteristic for some salamander taxa, pedotypy, is associated with accelerated rates of diversification. Regarded by some as the "most challenging and interesting of macroevolutionary phenomena" (Gould 2002) , we suggest these patterns owe, at least in part, to species selection.
Distributional Range and Diversification
Whereas univariate PICs support a strong negative relationship between range size and net diversification rates, relationships were less clear with our measure of range continuity (Tables 4 and 5 ). Multivariate analyses of deviance (Table 5) could not establish statistical independence between life-history variation and features of the geographical range in predicting differences in diversification, although results did not appear inconsistent with the univariate analyses.
Bridged through gene flow and recruitment, populations of broadly distributed taxa may be less likely to speciate (Futuyma and Moreno 1988) but also less likely to suffer extinction (Jablonski 1986 (Jablonski , 1987 Jablonski and Hunt 2006) . Wide dispersion may serve to protect against stochastic perturbation resulting in dramatic habitat loss and consequent demographic vulnerability (Gomulkiewicz and Holt 1995; Hedrick et al. 1996; Lande 1998; Hedrick 2001) . Although the expectations regarding the relationship between distributional range variation and diversification rates seem relatively straightforward (but see Foote et al. 2008) , there may be more complex interactions between lineage origination, extinction, and life-history variation.
Our data cannot inform our understanding of how extinction proneness might be associated with variation in geographic range size. Yet, an inverse relationship between range size and extinction risk is both empirically supported (Stanley 1979 (Stanley , 1990 Van Valen 1985; Jablonski 1987; Sepkoski 1998; Jablonski 2008b; Liow et al. 2009 ) and predicted by theory (Gomulkiewicz and Holt 1995; Maurer and Nott 1998) . If rates of origination and extinction are indeed generally positively correlated (e.g., Fig. 3 ; Gould 1977; Stanley 1979 Stanley , 1990 Van Valen 1985; Sepkoski 1998; Jablonski and Roy 2003; Weir and Schluter 2007 ), a recent report by Cooper et al. (2008) would be quite consistent with results presented herein: in frogs, restricted geographic distributions appear to be a strong predictor of high extinction risk. Despite correlations of range size with the organismal traits of body size and clutch size, Cooper et al. (2008) find greater predictive capability of the emergent property of species (i.e., geographic range size) in explaining extinction risk of extant frogs.
Although a causal relationship between geographical distribution and diversification is assumed, we cannot discount the possibility that rapidly diversifying lineages might produce species with small ranges, largely through nonecological processes (e.g., see Schluter 2009) . If the cause of rapid diversification is heritable, but is not range size itself, patterns observed herein would be misinterpreted. Alternatively, it may be that species have not yet reached equilibrium (or maximal) values of range size, especially for rapidly diversifying lineages (Foote et al. 2008; Jablonski 2008b ). Although we would need to assume that incipient species always begin with small geographical distribution, this would give the artifactual appearance of a macroevolutionary advantage for small range size. Ploidal evolution, for instance, or otherwise saltational speciation, must necessarily generate species with (at least initially) small ranges. Lineage diversification by polyploidization, although not altogether absent from caudate evolution ← FIGURE 2. Independent contrasts of diversification rate (sensu Magallón and Sanderson 2001) with three measures of life-history variation (heterochrony, plasticity, and pedomorphy), range size, and range continuity. Results were quite consistent between two topological hypotheses (WEA, Wiens et al. 2005, and FEA, Frost et al. 2006) . Depicted data are averaged diversification rates within families across entire posterior distribution of trees; PICs were computed using the WEA summary tree generated by TreeAnnotator (version 1.4.8; Drummond and Rambaut 2007) . Asterisk indicates that rightmost panels assume relative extinction fraction of 0.9; leftmost panels assume relative extinction proportion of 0.0 (i.e., pure birth). Dot-dashed lines represent slope of only summary PICs; ranges of slopes estimated across all PIC iterations for each test can be found in Table 4 . Larger values along the ordinates (from top to bottom) correspond to higher frequencies of pedotypic relative to pedomorphic species within a family; higher proportions of developmentally plastic (i.e., pedotypic) species; greater frequencies of pedomorphic species relative to clade size; larger distributional ranges; and more fragmented ranges. Statistical summaries across all PIC iterations for each test can be found in Frost et al. 2006) . Furthermore, two scenarios of extinction fraction were utilized for net diversification estimates (see text). Probability values and t test statistics correspond to the average across all 1.5 × 10 3 PICs conducted for each test. The full ranges of estimated slopes (m) from the full set of PICs are given in square brackets. Summarized results are presented in Figure 2 for the WEA topology. Asterisks denote relationships that are significant at an α level of 0.05: For traits, an asterisk denotes significance for both family-level topologies.
(see Bogart et al. 2007 ), does not appear sufficiently ubiquitous to explain these results.
Heterochrony and Diversification Although large and continuous ranges are generally associated with lower rates of net diversification, lineages of pedotypic salamanders-comprising some of the most broadly distributed taxa-are also those diversifying most rapidly (Fig. 2 and Table 4 ). Despite evidence for collinearity between the two categories of higher level traits explored herein (i.e., distributional range and heterochronic variation; Table 5 ), phylogenetic ANOVAs did not support the partitioning of variation in range characteristics by life-history strategy (Table 6 ). An apparent relationship between distributional range and life history in the raw data appears Notes: Analyses of deviance were conducted on summary trees under two topological hypotheses for the interfamilial phylogeny of salamanders. Full two-predictor models are shown on the left margin: r denotes the estimates of Magallón and Sanderson (2001) of net diversification under pure birth; r* signifies net diversification estimates under birth-death, where relative extinction fraction (ε) was assumed to be 0.9 (see Table 2 ). Predictor variables (heterochrony, plasticity, range size, and range continuity) are as described in text. Chi-square tests (1 df) compared the full GLM with a reduced model where one predictor was eliminated ("dropped variance"). Significance of chi-square tests suggest explanatory importance of the dropped variable relative to the remaining predictor: in such cases, model fit was significantly diminished by model reduction. Significant results for both comparisons within a given model suggest statistical independence and predictive importance for both variables. Asterisks denote relationships that are significant at an α level of 0.05. Nonsignificant results for both predictors suggest explanatory redundancy of the predictors. Notes: All species were scored as pedotypic, pedomorphic, or terrestrial (i.e., obligately metamorphosing or direct developing). Probability values for "phylogenetic" ANOVA, performed in GEIGER (version 1.2-14; Harmon et al. 2008) . As recommended by Pagel (1999) , degree of necessary phylogenetic correction was determined by Pagel's λ P (as in Table 3 ). All 100 random resolutions of the species-level phylogeny were transformed with the point estimate of λ P for either range size or range continuity. An additional ANOVA for each trait was performed without tree transformation. a Trees λ P transformed using estimate for each trait as in Table 3 .
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attributable solely to phylogenetic history (Table 6 ).
Further work is thus necessary to reveal the underlying nature of collinearity between these higher level traits. Although expecting that trait-based differential success among salamander lineages involves an interaction between life-history and distributional-range characteristics (among potentially other higher level traits), we frame hypotheses for the potential role of pedotypy in the differential proliferation of lineages. Many have argued for the selective advantage of developmental plasticity in highly heterogeneous and especially in unpredictable environments (e.g., Whiteman 1994; Denoël et al. 2005; West-Eberhard 2005; Takahashi and Parris 2008; Lande 2009 ). Especially in an underutilized niche with few competitors, evolution of broader reaction norms (e.g., pedotypy) may entail organismal selection that is reinforced by species selection. Evidence from univariate PICs and analyses of deviance support the role of developmental plasticity (e.g., salamander pedotypy), rather than the loss of obligate pedomorphosis, in explaining a great deal of variation in diversification rates (Tables 4 and 5 and Fig. 2) . Increased diversification of pedotypic lineages appears to be one such instance of species selection for variability (see Lloyd and Gould 1993) .
Polyphenism in the eastern newt (Notophthalmus viridescens subspp.) is found to be adaptive in heterogeneous environments (Takahashi and Parris 2008) , where potential competitors might have difficulty utilizing more specialized niches. If fitness trade-offs are not too costly, these lineages might be expected to experience elevated rates of origination, perhaps especially if conditions are favorable for local adaptation. Pedotypic lineages may benefit from permanent productive aquatic habitats but without being limited to such habitat, as are obligatory pedomorphs (Whiteman 1994) . Especially for phenotypically plastic traits, adaptive populational response to environmental perturbation can occur on the order of a generation (e.g., Kingsolver 1995) . Such rapid responses are witnessed empirically. For example, Ryan and Semlitsch (1998) find that under higher maintained densities of A. talpoideum, experimental populations produce higher proportions of pedotypes. Gilled pedotypes also often enjoy greater reproductive capacity and larger body size at maturity (Ryan and Semlitsch 1998) . Importantly, body size is related to fecundity, wherein larger organisms are often more fecund (Tilley 1968) . All else being equal, gilled pedotypes reproduce earlier or are larger in size at maturity, both of which are associated with increased fitness (Ryan and Semlitsch 1998) .
Developmentally plastic lineages might also persist due to mitigated risk of extinction (Gould 1977 (Gould , 2002 . Gould (2002) analogizes the potential for conflict between organismal and species selection: he concocts the "optimal fish" (perfectly adapted for a particular set of invariant environmental conditions) and the "middling fish" (greater variability, but suboptimal in any particular environment). Where optimality of the optimal fish can only be driven by organismal selection, such success may not be upheld at the species level. Middling fish may represent a "strategy" of risk spreading (as does developmental plasticity), and such "middling" lineages are likely to be more evolutionarily durable, owing to species selection for variability (Simpson 1953; Lloyd and Gould 1993; Gould 2002; Jablonski 2008a) . We might expect relative extinction fraction to meaningfully differ among these developmental modes (as in bottom panel of Fig. 3 ), where extinction risk may be buffered for pedotypic species. Especially with larger data sets, such hypotheses could be tested using sophisticated models that relax assumptions of the constancy of diversification rates and relative extinction through time (e.g., Ricklefs 2007; FitzJohn et al. 2009; Rabosky 2009a Rabosky , 2009b ).
Pedomorphy appears to be an instance where organismal selection is in conflict with higher level selection. Pedomorphic salamanders should be just as susceptible to poor quality aquatic habitat as are metamorphosing salamanders. Where terrestrials have the physiological means to select more favorable habitat in which to develop and mature, pedomorphs should suffer more severely from local stochastic change. The organismal reproductive advantage afforded by pedomorphy (Ryan and Semlitsch 1998) may thus conflict with species selection for pedotypy (e.g., Fig. 3) . However, the advantage of pedotypy in heterogenous habitat with unpredictable ecological conditions appears to be a case where organismal and species selection are coaligned (Whiteman 1994; Denoël et al. 2005; Pigliucci 2005 ; West-Eberhard 2005; but see DeWitt et al. 1998) .
If plastic life history facilitates proliferation at the species level and if evolutionary rates are truly skewed toward this characteristic, we might ask: Why do so few species exhibit pedotypy? Foremost, trade-offs are likely to exist (Via et al. 1995; DeWitt et al. 1998; Pigliucci 2005) . Developmentally plastic species are likely incapable of competing effectively in all commonly encountered habitat types. We regard obligatory metamorphosis, direct development, and pedomorphy as reproductive stenotopy. As Takahashi and Parris (2008) have shown in the eastern newt (N. viridescens), it appears that although polyphenic larvae are capable of adaptive developmental response to a particular favorable habitat (i.e., aquatic or terrestrial), populations of plastic 514 SYSTEMATIC BIOLOGY VOL. 60 FIGURE 3. Shown are predictions of the differences in rates of origination and extinction for spatial arrangements of the distributional range (two uppermost panels) and life-history strategies (lower panel), characteristic of different salamander taxa. In each panel, upper dotted lines correspond to predicted rates of origination; lower dot-dashed lines reflect predictions for extinction. Note that axes are devoid of units; relationships are only intended to represent qualitative hypotheses. Uppermost panels are fairly consistent with birth-death models assuming relative extinction fraction (ε) is independent of trait states. The lowermost panel, however, would imply trait-state dependency of relative extinction (where ε = μ/λ and where μ is extinction probability and λ is speciation probability).
organisms may lag behind the optimal life-history strategy presented experimentally. That is, when terrestrial habitats are favored, the developmentally plastic subspecies do produce more efts (terrestrial juveniles), but the response is not without exception (Takahashi and Parris 2008 ; see also Denoël et al. 2005) .
In addition to trade-offs, certain genetic constraints may bias the directionality of, or otherwise limit, lifehistory evolution (Via and Lande 1985; Via et al. 1995; DeWitt et al. 1998; Pigliucci 2005 ). Yet, at least in some ambystomatids, life-history variation (between metamorphosis and pedotypy) appears to be controlled by a locus of large effect (Voss and Shaffer 1996) . Largely unstudied negative pleiotropic effects and epistatic interactions may limit evolutionary potential of origin and maintenance of such plasticity. Even if plastic responses are in the "proper" direction, environmental reversals or lagged response might render phenotypes suboptimal (DeWitt et al. 1998; Agrawal 2001; Eastman et al. 2009 ).
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In a manner similar to the conflict between lower levels of selection (e.g., Lewontin 1970; Werren 1991) , our results in part may be explained by potential conflict between selection at the organismal and species levels. If environmental conditions are adequately stable on ecological timescales, pedotypes may perform no better (perhaps worse) than pedomorphs in productive larval habitat owing to the costs of plasticity (DeWitt et al. 1998 ). Furthermore, because of an apparent tradeoff exhibited by some pedotypes where conditions suit invariant mode of development (favorable terrestrial conditions; or permanent and productive aquatic habitat), members of pedotypic populations may well be outcompeted (Wilbur and Collins 1973) .
CONCLUSIONS
Our data suggest that an emergent character-species range size-is inversely related to net diversification rate. Such emergent characters involve an interaction between lower level properties and the environment and thus cannot be subject to selection at levels lower than that at which the characters emerge (e.g., the phenotype cannot be the unit of genic selection). Thus, for the emergent trait investigated herein-distributionalrange characteristics-we attribute differential diversification to "strict-sense" species selection (Vrba and Gould 1986; Jablonski 2008a) .
However, it is uncertain whether differential proliferation is a primary result of irreducible higher level processes (species selection, sensu stricto) or simple correlations with organismal properties within taxa. Results suggesting an inverse relationship between range size with diversification are consistent with previous empirical work, and range size may be correlated with organismal properties such as dispersal abilities (Jablonski 1987; Hunt et al. 2005; Jablonski and Hunt 2006) . The effect of limited dispersal ability on lineage diversification may be difficult to predict. Once allopatric isolates are established by vicariance, genetic isolation among patches might facilitate populational divergence through local adaptation (Slatkin 1973; Ibrahim et al. 1996; Storfer et al. 1999) or drift. Lower dispersal rates might allow most organisms to spend the majority of time in favorable habitat, thereby enhancing organismal viability (Gibbs 1998; Fahrig 2001) . Conversely, reduced connectivity may allow inbreeding depression and the erosion of genetic variability and consequently increase extinction proneness (Titus and Gaines 1991; Hanski and Gilpin 1997; Holt and Gomulkiewicz 2004) . Even if dispersibility is demonstrably influential for generating much of the variance across distributional ranges, the interaction of this organismal trait with environment confounds the correspondence between the lower level trait (dispersibility) and the higher order patterns (species' distributions and emergent fitness). We therefore anticipate primacy for the role of the species-level characteristic of range size in explaining variation in reproductive success of species.
The present work also represents one of few empirical explorations on the macroevolutionary consequence of developmental plasticity. It would seem that the costs of plasticity for organismal fitness (see DeWitt et al. 1998 for review) do not strongly exert influence at a macroevolutionary scale. Results appear consistent with extensive literature on the subject of phenotypic plasticity (e.g., Stearns and Koella 1986; West-Eberhard 1989 Agrawal 2001; Pigliucci 2001 Pigliucci , 2005 Lande 2009; Svanbäck et al. 2009 ). The macroevolutionary advantage of plasticity has been considered by a number of authors (West-Eberhard 1989; Agrawal 2001; Pigliucci 2005 , and references therein), and several mechanisms concerning the contribution of plasticity to evolutionary divergence have been proposed. Plasticity may contribute to the evolution of novelty through genetic assimilation (Pigliucci 2001; Lande 2009 ) and correlated phenotypic shifts in response especially to genetic perturbation (West-Eberhard 1989 and references therein). As suggested by the present work, highly plastic lineages may be more evolutionarily durable, as periods of maladaptation following environmental change should be shorter and weaker (West-Eberhard 1989; Lande 2009 ). More direct and quantitative measurement of plasticity maintained within populations and variance exhibited among populations is an intriguing prospect for future research in addressing how plasticity bears on macroevolutionary patterns (Pigliucci 2005; Losos 2009 ).
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